Raw materials, devices and detection methods for experiment

Raw materials for experiment
The research objects of this passage are magnesium alloys AZ31 and ZK60-1Y. The 
The structure and technological parameters of the high current pulsed electron beam (HCPEB) device
The Fig. 2 .1 refers to "Nadezhda-2" type HCPEB device [27] made in Russia. It consists of four parts, such as electron gun, vacuum system, power supply control system and diagnostic system. Vacuum system includes vacuum pump set (a set of molecular pump & a set of mechanical pump), vacuum chamber, vacuum valve as well as pipes for inputting cooling water and waste gas emission. Power supply control system includes high-voltage pulse generator and magnet field triggering power supply, etc. Diagnostic system includes relevant instruments and meters, such as operating vacuum measurement, electron beam, cathode accelerating voltage and average energy density, etc. Electron gun includes cathode, anode, spark source, rogowski coil and magnetic coil, etc. The electron gun used for generating high current pulsed electron beam is the core part of the whole equipment. 
.1 Analysis of microstructure
The morphologies of surface and sectional microstructures of Mg alloys were analyzed through scanning electron microscope(SM-5600LV, SSX-550). Phase transformation of the treated surface of Mg alloys was conducted by using X-ray diffractometer (XRD-6000) with step size of 0.02º and scanning range (2θ) of 20º~100º. The experiment adopts a Cu K radiation source.
Friction and wear performance
The dry friction and wear tests of Mg alloy AZ31 surface were finished using a ball-on-flat apparatus at environmental temperature of 18~22℃. The sample surfaces were cleaned by acetone ultrasonic before friction and wear test. WC-Co balls with diameter 5mm were used as the sliding counterpart in all tests. The applied load was 5 N with a sliding velocity of 1 mm/s. The total sliding length and stroke length were 5mm and 1.2m, respectively.
Drying friction and wear testing of Mg alloy ZK60-1Y was conducted with a pin-on-disc type machine (MG-2000) at room temperature of 25℃. The samples used for experiment were cut into cylinders with diameter of Φ6mm and height of 12mm. The counterpart discs were made of stainless steel (1Cr18Ni9) with surface hardness of 192HV and surface roughness of 1μm (R a ). The applied load was 10N. The rotation speed was 250 r/min and the friction time was 10min.
Corrosion resistance
Polarization curves were performed in the EG&G M273 system. The experiment adopted three-electrode system. The reference electrode was saturated calomel electrode (SCE), the auxiliary electrode was Pt electrode, and the samples were working electrode. The test was performed in 5 NaCl solution and the corrosion testing surface area was 1cm 2 .
Experiment results and discussion
3.1 Surface modification of Mg alloy AZ31 by HCPEB 3.1.1 Surface morphology Fig. 3 .1 gives the surface SEM morphologies of Mg alloy AZ31 after HCPEB treatment with energy density of 3J/cm 2 . Fig. 3 .1 (a) refers to the surface morphology of Mg alloy AZ31 after HCPEB treatment of 5 pulses. It can be apparently observed that a typical morphology emerges on the AZ31 Mg alloy surface after HCPEB treatment, namely wavy morphology after complete melting. With the pulse number increasing to 10 pulses, the "crater" morphology and few twins are found on the treated surface shown in the Fig. 3 .1 (b). Fig. 3 .1 (c) shows surface morphology of Mg alloy AZ31after 15 pulse treatment, it is found that the "crater" morphology disappears after repeated melting and a large number of twins are formed. The 15-pulsed sample surface tends to be smooth. The formation of twins is possibly induced by a lot of residual stresses on the surface after HCPEB treatment [28] . Fig. 3 .3 indicates the evolution of friction coefficients with friction time and change of average friction rate with the number of pulses for Mg alloy AZ31 before and after HCPEB treatment. It can be seen that the friction coefficients of initial samples are only about 0.15 at the beginning (as seen in Fig.3.3(a) ). It is due to a layer of hard MgO film on the surface. The oxide film is worn away after 5 minutes and the wear enters into severe wear stage, thus, the friction coefficients suddenly rise to 0.32~0.37. But the friction coefficients of treated samples are relatively stable (between 0.25 and 0.27). On the one hand, the oxide film on the sample surface is damaged during HCPEB process, then MgO film can not rapidly formed in the vacuum. On the other hand, the higher roughness on the surface will also lead to the increase in the friction coefficients. Compared to initial samples, the friction coefficients of Mg alloy AZ31 are obviously reduced after HCPEB bombardment. Additionally, the wear rate is reduced by a factor of 6.7 after 15 pulse treatment (as seen in Fig.3 .3 (b)), so the wear resistance of Mg alloy AZ31 is increased significantly. It is indicated that there is a large potential in the application of Mg alloy AZ31 after HCPEB treatment. treated sample. The wear form is the typical abrasive wear for Mg alloy AZ31. The hardness of matrix is far smaller than that of WC grinding ball, so the cutting form is focused on the wear surface and the groove morphology is formed. After HCPEB treatment, the residual compressive stress is left on the surface, leading to the increase in hardness of HCPEBtreated Mg alloy. As a result, the wear rate and wear volume are reduced, and the width of wear grooves is also decreased. Meanwhile, the main composition of wear debris is the oxides of Mg and Al through EDS analysis of SEM. It is caused by oxidization resulting from the fact that the wear test is performed in the atmosphere, and a lot of heat is accumulated on the sample surface during the severe friction process.
Corrosion resistance of Mg alloy AZ31
With focus on the problem of poor corrosion resistance of AZ31 Mg alloy in practical application (contact with atmosphere or sea water), this paper applies HCPEB to perform surface treatment in order to analyze the chemical composition of the surface remelted layer and discuss the change in corrosion resistance of Mg alloy AZ31 surface in 5%NaCl solution.
Surface composition analysis of Mg alloy AZ31 before and after HCPEB surface treatment
The chemical composition of alloy surface plays an important role in corrosion process. The changes of Mg, Zn and Al elements are analyzed by SEM. It is found that the variation of Zn is very small after HCPEB treatment. The changes of Mg and Al are mainly given in Fig. 3 .5. It can be seen that the content of Mg on the surface is reduced after HCPEB treatment and reaches maximum reduction after 5 pulse treatment, which is due to Mg evaporation in the molten state. As the number of pulse increases to 10 pulses, the melted layer is thickened. The Mg contained underneath new melting liquid will spread or evaporate to the upper layer, so the Mg content on the surface of Mg alloy AZ31 will rise again. With further increase in pulse number, the Mg at the surface layer loses balance as well as the Mg inside the equipment, and the Mg at the surface layer evaporates, so the content of Mg is reduced again. But, the change of Al content is on the contrary to that of Mg. The increased Al content at the surface layer will be undoubtedly favorable to the formation of compact oxide film and the enhancement of corrosion resistance on the alloy surface. Therefore, in order to acquire the surface that contains high content of Al, it is crucial to choose proper pulse number and energy density. Fig. 3.6 shows the potentiodynamic polarization curves of Mg alloy AZ31 before and after HCPEB treatment. From the measuring result, we can see that the Ecorr of modified sample is moved to -1360mV. Through Tafel straight line fitting of cathode and anode, it is discovered that the corrosion current is reduced but the polarization resistance is increased. The reason is that HCPEB treatment leads to rich Al on the AZ31 Mg alloy surface and the formation of compact oxide film. Compared to the initial sample, the corrosion resistance of HCPEB-treated sample is increased. It can be also discovered that the overpotential (the difference between applied potential and Ecorr) reaches about 300mV, namely breakthrough occurs. For one thing, the surface protective film is comparatively thin. For another thing, the applied etching solution is 5％ NaCl, in which chloride ion has strong penetrability. Hence the protective film is punctured rapidly. It also illustrates that HCPEB treatment can not be solely applied as the final process of the sample treatment, but it should be applied practically together with other processes. 
Analysis of corrosion mechanism
The corrosion of Mg alloy AZ31 is mainly divided into two stages: 1) the initial stage is controlled by galvanic corrosion; 2) the expansion stage is controlled by pitting. The initial stage of corrosion: In the neutral environment, a layer of protective Mg(OH) 2 thin film is formed on the surfaces of pure Mg and Mg alloy at the initial stage of corrosion, as shown in the following equation. Although Mg (OH) 2 has better protectiveness in the atmospheric environment, it alters [30] easily with the changes of electrochemistry and environmental conditions. The oxide grows initially from the crystal boundaries and extends into crystal grains. However, as for Mg alloy, the potential of crystal boundaries is higher than that of crystal grains, so the crystal boundaries form a galvanic couple with the crystal grains. The corrosion starts from the crystal boundaries and extends into crystal grains. Because the proportion of anode and cathode is larger and larger, the corrosion speed is accelerated with further corrosion. The rapid cooling ~10 8 K/s induced by HCPEB makes crystal grain fine and reduces the proportion of anode and cathode. Therefore, the corrosion current of the modified sample is smaller than that of the initial sample. Meanwhile, the increase in the solid solubility of Al will also increase the integral polarization resistance of the material. The first stage is finished when the material surface is covered with a layer of compact and stable magnesium hydroxide film. The expansion stage of corrosion:
In the environment where the chloride ion exists, a sort of soluble magnesium salt forms in the boundary of metal and solution, as shown in the equation (2) . This soluble magnesium salt ruins the protective film of magnesium hydroxide, and then the exposed metal generates self-solvent reaction with electrolyte in the damaged film and the corrosion speed is accelerated thereupon. The partial attack causes the pitting formed on the alloy surface.
Once the pitting starts, it will expand at a very fast speed. Thinking over from the angle of kinetics, the pitting formation rate of the treated sample is smaller than that of the initial sample. It should be contributed to stability and compactness of oxide film formed on the surface of modified sample. It is equivalent that the anode dissolution speed is slowed down, thus Icorr is reduced remarkably.
Surface modification of Mg alloy ZK60-1Y by HCPEB
As for surface modification of Mg alloy ZK60-1Y by HCPEB treatment, the experiment process and parameters are similar to those of Mg alloy AZ31, namely accelerating voltage 27kV, energy density 3J/cm 2 . Fig. 3 .7 refers to surface SEM morphologies of Mg alloy ZK60-1Y before and after HCPEB treatment. Before electron beam treatment, the original structure of Mg alloy ZK60-1Y is composed by eutectic structure and matrix (Mg), and the eutectic structure shows discontinuous distribution (white contrast in the figure), as shown in the Fig. 3.7 (a) . After HCPEB treatment, the crystal boundaries on the surface of Mg alloy ZK60-1Y become less obvious, and the composition tends to be uniform. It is because that the HCPEB bombardment results in melting of the alloy surface, and it is too late to be redistributed and solidified for the elements owing to subsequent rapid solidification. At the same time, the typical "crater" morphology is formed on the surface of Mg alloy (Fig. 3.7 (b) ). It is due to the ZK60-1Y Mg alloy surface is under the action of pulsed beam current, the subsurface is melted first and liquid is erupted outwards from inside, which is similar to the volcanic eruption. It is one reason for the formation of "crater" morphology [31] . With increasing pulse number, more energy is absorbed by the surface of Mg alloy, as a result, the "crater" quantity is reduced and the surface becomes much smoother, as shown in the Fig. 3.7 (c-d) . From the figure, it can be seen that the pure Mg particles (the result of EDS analysis) are distributed on the surface of Mg alloy after HCPEB treatment and more pure Mg particles emerge on the alloy surface after 15 pulse treatment. The reason can be explained as follows: Mg belongs to the low melting point metal and its vapor pressure is also very low compared with Zr and Y elements. Under HCPEB bombardment, the temperature of matrix Mg rises swiftly due to the momentary energy deposition, resulting in melting of Mg at the surface layer. As the surface temperature reaches the boiling point, the vaporization goes ahead within a certain range at the surface layer and a lot of droplets sputter out. Because the target material surface parallels to the direction of gravity, the spilled droplets will not return to the surface under the action of gravity but will be charged with negative electricity under the action of electron beam current. As the target is the anode, the droplets with negative electricity will slow down and be drawn back to anode under the action of electric field force. Consequently, the droplets fall on the entire surface at certain speed. After solidification, we can see the pure Mg particles as shown in the Fig. 3 .8. Fig. 3 .9 refers to cross sectional SEM image of Mg alloy ZK60-1Y after HCPEB treatment. From the figure, it can be observed that remelted layer with thickness of ~12μm is formed on the surface layer. Compared to the matrix, the remelted layer is more compact and the crystal boundary become less obvious. It can mainly be explained as follows: the second phase existing in crystal boundaries melts and diffuses due to the rapid melting process induced by HCPEB treatment, while the crystal boundaries disappear in the melting liquid. When the electron beam bombardment terminates, the rapid solidification occurs immediately on the surface owing to good thermal conductivity of the metal material. Under the action of high solidification rate (~10 8 K/s), great temperature gradient is generated on the surface of the material and non-equilibrium freezing occurs in the melting layer. For the solidification time is too short, the actual temperature of the liquid at the frontier of solid liquid interface is lower than the liquidus temperature, so there is no way to provide continuous driving force for the growth of crystal grains. The nucleation rate of crystal is greater than the growth rate, so the crystal grains in the surface layer are refined and the inter-grain boundaries of the refined crystal grains become indistinct. In addition, the segregation phenomenon of alloying elements existing in grain boundaries is improved, and Zn and Zr better dissolve into the Mg matrix and form supersaturated solid solution. As a result, the element is uniformly distributed on the modified surface of Mg alloy ZK60-1Y. Fig. 3 .10 indicates the evolution of friction coefficients with the number of friction turns for Mg alloy ZK60-1Y before and after HCPEB treatment. From the figure, it can be seen that the friction coefficients of initial sample maintain around 0.28 at the initial friction stage. However, the friction coefficients of the sample are relatively high at the initial friction stage after 5 pulse treatment, around 0.35. It mainly because the sample surface is not even and the pure Mg particles are distributed on the modified surface, so the surface roughness is increased and the friction coefficients become higher. On the other hand, there is a layer of oxide film on the surface of the initial sample, and the surface roughness is smaller compared to that of the HCPEB-treated sample. Therefore, the friction coefficients of the initial sample are lower at the initial friction stage. With the increase in the number of friction turns, the friction coefficients of the initial sample present rising trend. Upon 1200 cycle friction, the friction coefficients maintain between 0.34 and 0.38. It is because that the oxide layer on the surface is worn away after a period of friction, therefore the matrix gradually touches stainless counterpart discs and shows high friction coefficients. After 1400 cycle friction, the friction coefficients of the sample treated by HCPEB are lower than that of the initial sample, showing better wear resistance. The reason can be summarized as:1) the grain structure in the remelted layer after HCPEB treatment is refined, namely fine-grain strengthening effect; 2)the enrichment phenomenon of alloying elements is improved, and the chemical composition is distributed evenly and the mechanical property is further enhanced on the ZK60-1Y Mg alloy surface. With the progressing of wear test (after 1800 cycle friction), the friction coefficients of HCPEB treated sample are much lower. It is because the surface at the remelted layer has been worn away basically. Then the remelted layer in this layer has better wear resistance. In the whole friction test, the friction coefficients of the alloy don't fluctuate drastically and maintain between 0.23 and 0.30 after 15 pulse treatment under the accelerating voltage of 27kV. With the increase of pulse number, the times of rapid solidification occurred on the treated sample surface is increased accordingly, thus the alloying elements are distributed evenly and the mechanical property of the alloy surface is more stable. To sum up, compared to the initial sample, the surface of Mg alloy ZK60-1Y has better wear resistance after HCPEB treatment. 3 .11 refers to the evolution of weight loss with the number of pulses for Mg alloy before and after HCPEB treatment. From the figure, it can be seen that the weight loss of the sample is reduced from 4.91×10 -3 g of initial sample to 0.98×10 -3 g after 15 pulse treatment. It indicates that the wear resistance of the sample by HCPEB treatment is greatly improved under same friction condition. The weight loss of the sample by 5, 10 and 15 pulse treatments is reduced by 39.9%, 60.1%, 80% respectively compared to that of the initial sample. That means the wear resistance of the sample is the best after 15 pulse treatment under the accelerating voltage of 27kV and the relative wear resistance is improved by a factor of 5. It can be attributed to the changes in the microstructure of ZK60-1Y Mg alloy surface after HCPEB treatment, namely composition homogenization (segregation reduction), grain refinement and the formation of supersaturated solid solution.
Surface morphology
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Friction and wear property of Mg alloy ZK60-1Y before and after HCPEB treatment
Conclusions
For the first time, the HCPEB technology is utilized to treat the surface of Mg alloys AZ31 and ZK60-1Y in the paper and perform the research into the changes in microstructure of Mg alloys before and after HCPEB treatment and the effect on the friction and wear property and corrosion resistance. The main conclusions are listed as below:
1) Mg alloy AZ31
After HCPEB irradiation of Mg alloy AZ31, wavy and "crater" morphologies and twins emerge on the modified surface. According to XRD analysis, it indicates that the diffraction peaks of Mg obviously move towards high-angle direction due to stresses existing in the surface layer induced by rapid solidification during HCPEB process. After HCPEB treatment, the friction coefficients of Mg alloy AZ31 are reduced and the wear resistance is greatly improved. The wear resistance of the 15-pulsed sample is enhanced by about a factor of 6. Besides, the wear form is the typical abrasive wear. Meanwhile, the result of polarization curve test in 5%NaCl indicates that the corrosion resistance of the sample after HCPEB treatment is enhanced because the content of Al on the alloy surface is increased, and a layer of compact oxide film is formed on the surface. As a result, the polarization resistance is increased and the corrosion current is reduced.
2) Mg alloy ZK60-1Y
During the HCPEB treatment, the rapid melting and solidification process is completed on the surface of Mg alloy ZK60-1Y, and the grain boundaries on the surface become less obvious. The chemical composition tends to uniform distribution and some pure Mg particles are distributed on the alloy surface. According to the analysis of cross sectional structure, it indicates that a remelted layer with the thickness of ~12μm is formed on the surface of Mg alloy ZK60-1Y, which possesses much compact and refined structure compared to the matrix. According to friction and wear test, the wear resistance of Mg alloy ZK60-1Y surface is obviously enhanced after HCPEB treatment and the friction coefficients and weight loss are reduced compared to that of the original sample. The wear resistance of Mg alloy ZK60-1Y by 15 pulse treatment is the best and the relative wear resistance is increased by a factor of 5. 
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